Abstract: Avoiding irreversible climate change as effectively as possible is one of the most pressing challenges of society. Carbon pricing that is uniformly valid on a global and cross-sectoral basis represents a cost-efficient policy tool to meet this challenge. Carbon pricing allows external costs to be allocated or internalized on a polluter-pays principle. It is shown that a global emissions cap-and-trade system is the most suitable market-based instrument for reducing global emissions levels, in line with the temperature goal set by the Paris Agreement. A proposal for its design is presented in this paper. This instrument encourages worldwide measures, with the lowest marginal abatement cost, according to a pre-defined reduction path. Thereby, it ensures compliance with a specified remaining carbon budget to meet a certain temperature limit in a cost-efficient manner. Possible reduction paths are presented in this paper. Weaknesses in the design of existing emissions trading systems (ETS), such as the EU ETS, are identified and avoided in the proposed instrument. The framework solves several problems of today's climate change policies, like the free rider problem, carbon leakage, rebound effects or the green paradox. The introduction of a global uniform carbon pricing instrument and its concrete design should be the subject of policy, especially at the United Nations climate change conferences, as soon as possible in order to allow for rapid implementation. If a global ETS with a uniform carbon price could be introduced, additional governmental regulations with regard to carbon emissions would become obsolete.
Introduction
Avoiding irreversible climate change as effectively as possible is one of the most pressing challenges of society. A landmark international agreement to combat climate change was reached at the United Nations climate change conference in Paris. The Paris Agreement aims to keep the global temperature rise well below 2 • C, above pre-industrial levels, and to pursue efforts to limit it to 1.5 • C [1] .
In this work, the status quo concerning anthropogenic greenhouse gas (GHG) emissions and findings concerning the remaining carbon budgets that refer to a certain temperature limit are shown. Reduction paths are set out, with the objective of meeting carbon budgets between 2020 and 2050. Based on a literature review, the state intervention possibilities for combating climate change and design possibilities of an emissions trading system are presented (cf. Sections 1-5).
The main aim of this paper is to derive a political instrument and its design, based on findings from the literature review, which will ensure the reduction of global emissions levels as cost-effectively Figure 1 . Total annual anthropogenic greenhouse gas (GHG) emissions (GtCO2eq/yr) by groups of gases from 1970-2010: CO2 from fossil fuel combustion and industrial processes; CO2 from forestry and other land use (FOLU); methane (CH4); nitrous oxide (N2O); fluorinated gases covered under the Kyoto Protocol (F-gases). On the right side of the figure, the GHG emissions in 2010 are shown, again broken down into the aforementioned components, with the associated uncertainties (90% confidence interval) indicated by the error bars. Global CO2 emissions from fossil fuel combustion are known to have an uncertainty within 8%. CO2 emissions from FOLU have very large uncertainties, to the order of ±50%. The uncertainty for the global emissions of CH4, N2O and F-gases has been estimated at 20%, 60% and 20%, respectively. Emissions are converted into CO2-equivalents, based on the 100-year global warming potential (GWP100) from the IPCC Second Assessment Report (AR2). Using the GWP100 values from the AR5, global GHG emissions totals would be slightly higher (52 GtCO2eq/yr), and non-CO2 emissions shares would be 20% for CH4, 5.0% for N2O and 2.2% for F-gases [4] . On the right side of the figure, the GHG emissions in 2010 are shown, again broken down into the aforementioned components, with the associated uncertainties (90% confidence interval) indicated by the error bars. Global CO 2 emissions from fossil fuel combustion are known to have an uncertainty within 8%. CO 2 emissions from FOLU have very large uncertainties, to the order of ±50%. The uncertainty for the global emissions of CH 4 , N 2 O and F-gases has been estimated at 20%, 60% and 20%, respectively. Emissions are converted into CO 2 -equivalents, based on the 100-year global warming potential (GWP 100 ) from the IPCC Second Assessment Report (AR2). Using the GWP 100 values from the AR5, global GHG emissions totals would be slightly higher (52 GtCO 2eq /yr), and non-CO 2 emissions shares would be 20% for CH 4 , 5.0% for N 2 O and 2.2% for F-gases [4] .
In 2015, the annual CO 2 emissions from fossil fuel combustion reached 32.3 GtCO 2 worldwide. Coal and oil together have contributed about 80% steadily to the annual CO 2 emissions from fossil fuel combustion since 1970. Coal's contribution has increased since 1970 and overtook oil between 2000 and 2005. The share of natural gas has risen from about 15% to about 20% [5] .
In a recent IPCC publication, the so-called remaining carbon budgets has been calculated, which would allow the global mean surface temperature (GMST) increase, relative to pre-industrial levels (reference period, 1850-1900), to be limited to less than 1.5 • C in order to prevent irreversible changes to the global climate [2] . To remain below the 1.5 • C limit with a relatively high probability, it is stated: "Reaching and sustaining net zero global anthropogenic CO 2 emissions and declining net non-CO 2 radiative forcing would halt anthropogenic global warming on multi-decadal time scales (high confidence)" [2] . It is further recommended, according to model pathways with no or a limited overshoot of 1.5 • C, to reach the net zero anthropogenic CO 2 emissions by around 2050. These pathways also imply a reduction of most of the cooling aerosols, a desired outcome, but unfortunately with an amplifying impact on future warming that is undesirable. In addition to the reduction of anthropogenic CO 2 emissions to around zero till 2050, carbon dioxide removal (CDR) measures are expected to be required, especially afforestation and bioenergy, with carbon capture and storage (BECCS). Non-CO 2 GHG emissions, mainly methane and nitrous oxide, also have to be reduced substantially by 2050. A 1.5 • C pathway, with no or a limited overshoot, is defined as a temperature increase that remains below 1.5 • C until 2100 or does not rise significantly above that temperature (less than 0.1 • C) [2] .
"Mitigation requirements can be quantified using carbon budget approaches that relate cumulative CO 2 emissions to global mean temperature increase. Robust physical understanding underpins this relationship, but uncertainties become increasingly relevant as a specific temperature limit is approached" [6] . The remaining carbon budget is defined as the "estimated cumulative net global anthropogenic CO 2 emissions from a given start date to the time that anthropogenic CO 2 emissions reach net zero that would result, at some probability, in limiting global warming to a given level, accounting for the impact of other anthropogenic emissions" [2] . Starting in 2018, the remaining carbon budget is specified to be about 420 GtCO 2 , for a two-thirds chance of limiting warming to 1.5 • C, and about 580 GtCO 2 for an even chance (with medium confidence because of uncertainties, see below). The corresponding remaining carbon budget for limiting warming to 2 • C is 1170 GtCO 2 (two-thirds chance) and 1500 GtCO 2 (even chance) [7] .
This implies that the 1.5 • C goal will definitely not be reached under the current nationally determined contributions (NDCs), as stated under the Paris Agreement, assuming that a sudden reduction to zero from 2030 onward is technologically and economically impossible. The successful implementation of NDCs under the Paris Agreement would imply a total of 400-560 GtCO 2 emissions over the 2018-2030 period (considering both conditional and unconditional NDCs) [7] .
There are, however, substantial uncertainties regarding the estimated remaining carbon budgets. "For the budget, applicable to the mid-century, the main uncertainties relate to the transient climate response to cumulative carbon emissions (TCRE), non-CO 2 emissions, radiative forcing and response. For 2100, uncertain Earth system feedbacks such as permafrost thawing would further reduce the available budget. The remaining budget is also conditional upon the choice of baseline, which is affected by uncertainties in both historical emissions, and in deriving the estimate of globally averaged human-induced warming" [7] . These uncertainties lead to a medium confidence of currently detecting the remaining carbon budgets, with possible deviations upwards and downwards.
Reduction Paths: Carbon Law Adapted to a 1.5 • C Target with an Exponential or Logistic Decrease
In this paper, possible reduction paths that could limit global warming to 1.5 • C, with no or a limited overshoot, for a two-thirds chance (or even chance) are investigated. The corresponding ambitious remaining carbon budgets were chosen to avoid the possibility of missing even the 2 • C Energies 2019, 12, 2983 4 of 20 pathway due to the prevailing uncertainties and lagging action. This possibility must be avoided for the following reasons:
•
The severity of damage increases nonlinearly, with a GMST increase of over 2 • C [8] . Acting too late or not ambitiously enough could lead to nonlinear self-reinforcing and irreversible processes (tipping points, cf. Section 6.6) that would amplify warming, despite costly efforts; • The reliance on net negative emissions to return warming to a specific temperature limit should be minimized, as there is still a lack of understanding of how the carbon cycle responds to net negative emissions. Thus, the effectiveness of negative emissions technologies to decrease the temperature after a peak is uncertain [7] ; • Furthermore, "[ . . . ] delaying GHG emissions reductions over the coming years also leads to economic and institutional lock-in into carbon-intensive infrastructure, that is, the continued investment in and use of carbon-intensive technologies that are difficult or costly to phase-out, once deployed" [7] .
Given these findings, it seems rational to choose ambitious carbon budgets to maximize the success probability and at the same time minimize the overall transformation costs, despite the uncertainties involved in the assessment of the carbon budgets. Determining the specific size of the necessary carbon budget is, however, not the goal of this paper. It should be determined in political discussions on the basis of current scientific findings. The methods proposed in this paper can be applied, independently of the size of the remaining carbon budget. The goal is to present an instrument that ensures global carbon emissions stay within a chosen carbon budget, eventually minimizing costs along the transformation pathway.
As stated in [9] , the necessary reduction regarding greenhouse gas CO 2 can be described with a simple power law, named the carbon law, which states that global anthropogenic CO 2 emissions must be at least halved each decade between 2020 and 2050. The scenario for the carbon law, shown in [9] , is based on a remaining carbon budget of 700 GtCO 2 between 2017 and 2100. The heuristics of the carbon law are simple but not oversimplifying, and they condense the scientific findings on climate change into a clearly measurable quantity. Based on the previously presented current carbon budgets, according to the IPCC Special Report 1.5 • C, the concept has been updated and modified in [10] . Assuming that the associated remaining budget is being depleted by current emissions of 42 ± 3 GtCO 2 per year (cf. [2] ), the remaining budget from 2020, for a 66% (or 50%) chance of limiting warming to 1.5 • C, is approximately 340 (500 GtCO 2 ). As a modification, the use of the first derivative of a logistic function is proposed as a possible alternative to an exponential function in describing the reduction pathway. The corresponding reduction paths are shown in Figure 2 .
Blue lines represent budgets of 340 GtCO 2 , until 2050, and black lines represent budgets of 500 GtCO 2 . The dotted line represents a path for a budget of 500 GtCO 2 , if the exponential reduction starts in 2025 instead of 2021. The dashed lines represent reductions along exponential functions, and the solid lines represent reductions along logistic functions. In order to meet the 1.5 • C target, with no or a limited overshoot and an even or two-thirds chance, the annual global anthropogenic CO 2 emissions must therefore be reduced from approx. 40 GtCO 2 /yr. in 2020 to the following values: If the abovementioned exponential reduction paths, shown in Figure 2 for budgets of 340 and 500 GtCO 2 until 2050, extrapolated to 2100, an additional 13 and 55 GtCO 2 will be emitted cumulatively between 2050 and 2100 (0-7 GtCO 2 for a logistic decrease). These emissions would have to be counterbalanced by CDR measures. The results are comparable with pathways that limit global warming to 1.5 • C, with no or a limited overshoot, that have been presented in [7] . In addition, an ambitious reduction of non-CO 2 greenhouse gases, such as methane, nitrous oxide and black carbon, needs to be pursued [7] . change into a clearly measurable quantity. Based on the previously presented current carbon budgets, according to the IPCC Special Report 1.5 °C , the concept has been updated and modified in [10] . Assuming that the associated remaining budget is being depleted by current emissions of 42 ± 3 GtCO2 per year (cf. [2] ), the remaining budget from 2020, for a 66% (or 50%) chance of limiting warming to 1.5 °C , is approximately 340 (500 GtCO2). As a modification, the use of the first derivative of a logistic function is proposed as a possible alternative to an exponential function in describing the reduction pathway. The corresponding reduction paths are shown in Figure 2 . The introduction of a policy framework generally appears to be an efficient method to reduce environmental impacts, if the targets are correctly defined. The proposed reduction paths, shown above, are only exemplary, and other curves could also be considered, e.g., linear or polynomial functions. However, a reduction along an exponential function or a logistic function seems to be an assumption that is consistent with observations. Environmental impacts have been reduced along exponential or logistic functions in the following examples within two decades:
The annual consumption of ozone depleting substances (ODS) was reduced by more than 99% from 1986 (>1.3 Mt/year) to 2016, and the reduction can be approximately described by a logistic function [11, 12] ; • Sulphur dioxide emissions in Europe were reduced by 74% between 1990 and 2011 approximately exponentially [13] , and sulphur dioxide, nitrogen dioxide and mercury emissions were reduced in the USA roughly along logistic functions [14] .
The basis for the reduction of GHG emissions is the substitution of GHG-intensive by less GHG-intensive technologies. Hence, another argument relies on a large database of technology substitution processes that can often be described by logistic functions (cf. [15] ).
The proposed reduction paths could in principle be validated by integrated assessment models (IAMs) to ensure low-cost pathways that achieve, physical climate targets that are socially agreed upon. However, such costs are highly uncertain [16] .
Internalization of the External Effects of Anthropogenic GHG Emissions: Possible Policy Frameworks
How should the policy framework be devised in order to achieve the enormous GHG savings, compared with current global emissions levels, which are necessary to avoid irreversible climate change? It can be assumed that the most suitable framework would need to make sure that the necessary reduction targets are met, while simultaneously reducing economic damage and social repercussions to a minimum.
Perfect competition only leads to efficient market results, as long as there are no external effects [17] . External effects exist if the actions of one individual (or company) directly influence the benefits or costs of another individual (or company). As this influence is not reflected in market prices, its effects are named external [18] . A welfare-optimal allocation of resources can only be achieved if external effects are internalized. Negative externalities represent external costs. The pollution of the environment by individuals (or companies) is a form of negative externality, creating external costs for other individuals (or companies). In case of GHG emissions, the influence of externalities extends not only beyond the boundary of the responsible polluting individual (or company), but also beyond the borders of the country of the responsible individuals (or companies) and beyond the present time into the future. Externalities lead to market failure, because market prices do not accurately reflect the true costs and benefits. These distortions of the market can be eliminated by internalizing the external costs, e.g., by charging the external costs equally to the polluter. In case an individual (or company) contributes a benefit to society, e.g., by measures that generate CO 2 sinks, this would represent an external benefit-consumers would have to pay the responsible person a certain amount as compensation corresponding to the benefit [19] .
External effects are currently not or only insufficiently reflected in prices, hence market forces cannot act efficiently in the direction of welfare optimization. For environmental problems involving many actors, negative externalities can no longer be internalized through direct negotiations (Coase theorem), and state intervention is therefore required to correct the market failure [18] . A state can remedy the internalization of external costs in the following ways:
Legal requirements (command and control approach), e.g., statutory emissions thresholds; 2.
Pigouvian tax and subsidies; 3.
Emissions trading.
For emissions that affect the environment on a global scale, such as GHG emissions, imposing legal requirements do not lead to cost-efficient reductions. This is justified as follows [18, 20, 21] :
• Legal requirements, e.g., a uniform emissions threshold for all polluters, lead to a lack of options for polluters to implement measures at the lowest marginal abatement costs; • A design of the legal requirements, in accordance with the lowest marginal abatement costs, would require the state to be aware of the marginal abatement costs of each polluter. The state would therefore be dependent on receiving correct information from all polluters, the monitoring effort would be considerable, and there would be uncertainties in the accuracy of the information; • Additionally, the regulator would have to adjust the requirements over time so that the private benefits from investing in the new technology equal the social benefits-a task that seems very difficult to achieve, considering the complexity of the systems involved and the uncertainties associated with the necessary estimates; • The incentive to invest in new technologies, as well as in the most cost-effective ones, is lower for the legal requirements than for the market-based instruments.
Given these arguments, it can be concluded that market-based instruments-Pigouvian tax and emissions trading-are to be preferred for the cost-efficient reduction of globally effective externalities, like it is the case for GHG emissions. The greater the differences in the cost of abating pollution across sources, the greater the likely cost savings from a market-based system, relative to the legal requirements [22, 23] .
Global Carbon Pricing
Climate change can only be limited through cooperation and the correct framework conditions. As stated in [24] , individual responsibility and Paris' pledge-and-review approach will fail as long as they are based on individual commitments. Carbon pricing is the best instrument for a common commitment. "There is broad acceptance among analysts, governments and businesses that carbon pricing is (by far) the most efficient instrument for reducing CO 2 emissions (see http://www.carbonpricingleadership. org/carbon-pricing-panel)" [24] . So far, however, there is no binding global agreement concerning carbon pricing. Currently, the carbon price systems that exist focus on the regional (e.g., European), national (e.g., Chinese) or sub-national (e.g., Californian) levels. Cap-and-trade schemes are frequently used for carbon pricing [25] . Some efforts already exist to link the different emissions trading systems (ETS) with each other [25, 26] . Current information on carbon pricing initiatives can be found at https://carbonpricingdashboard.worldbank.org and https://icapcarbonaction.com. In 2020, almost 20% of all GHG emissions worldwide, which is approximately 11 GtCO 2eq , will be covered by carbon pricing initiatives [27] . Figure 3 shows the status of the initiatives in 2018. The prices vary significantly, from less than 1 USD/tCO 2 eq to a maximum of 139 USD/tCO 2 eq [27] .
Considering the above, both a Pigouvian tax and emissions trading are appropriate for the design of carbon pricing schemes. In the following, it will first be justified why quantity control (emissions trading) is an instrument preferable to price control (Pigouvian tax) in the case of climate protection according to the temperature goal of the Paris Agreement. It will also be argued that a global scheme is more advantageous than national and sectoral carbon pricing schemes. Finally, the basic properties of an efficient global cap-and-trade system are proposed. of the initiatives in 2018. The prices vary significantly, from less than 1 USD/tCO2eq to a maximum of 139 USD/tCO2eq [27] . Considering the above, both a Pigouvian tax and emissions trading are appropriate for the design of carbon pricing schemes. In the following, it will first be justified why quantity control (emissions trading) is an instrument preferable to price control (Pigouvian tax) in the case of climate protection according to the temperature goal of the Paris Agreement. It will also be argued that a global scheme is more advantageous than national and sectoral carbon pricing schemes. Finally, the It should be noted, first, that it is not economically efficient to abruptly reduce the current emissions level to zero. The reason for this is that the abatement costs would be very high in this case.
The optimal emissions level is given under the following conditions [18] :
• The sum of the abatement and damage costs is minimal; in other words: • The marginal damage is equal to the marginal abatement costs.
A Pigouvian tax represents a simulated price for the environment concerning the consumption or use of environmental goods, which leads microeconomic decision-makers to take the costs of environmental consumption into account in their decisions. It has been named after the British economist Arthur Pigou, who proposed this type of state intervention, as early as 1920, in his work, "The Economics of Welfare" [18] . In the case of the Pigouvian tax, the planner in charge must determine the optimum tax rate for a given year and predict the optimum tax rate for future years. For that, it is necessary to know the marginal damage over time. The social cost of carbon (SCC) represents the cost of all present and future damages, caused by an additional ton of carbon dioxide emissions or its equivalent, discounted to the year of emissions [28, 29] . "The SCC is normally computed with an Integrated Assessment Model (IAM), which is a model combining descriptions of the economy and of the climate system" [30] . Commonly used IAMs for the computation of the SCC are the Dynamic Integrated Climate-Economy (DICE) model, the Policy Analysis of the Greenhouse Effect (PAGE) model, and the Climate Framework for Uncertainty, Negotiation and Distribution (FUND) model (cf. [31] [32] [33] ). Even though it is tried by IAMs, however, the SCC can neither be precisely determined nor predicted (cf. [16, 34] ) due to the complexity of the systems involved and the resulting problems in modeling those systems, the incompleteness of the available information, the limited resources to calculate these estimates and the uncertainties concerning the given information. Similar fundamental problems arise in the process of determining or predicting the marginal abatement costs.
When the marginal costs are uncertain, it has been proved that quantity control (emissions trading) is preferable to price control (Pigouvian tax), if the increase in the marginal damage costs is higher than the increase in the marginal abatement costs or in other words if the benefits are highly nonlinear, while the costs are close to linear (relative slopes rule). In the reverse case, the Pigouvian tax is to be preferred accordingly. Depending on the case, an identical percentage error in the emissions quantity or in the emissions price leads to a higher welfare loss. This important result is drawn from an article by Martin Weitzman in 1974 (Weitzman's rule) [18, 21, 35, 36] . This understanding would, in principle, allow a decision as to which of the two proposed methods should be applied in any given situation. Further, it should be noted that the presence of simultaneous and correlated benefit and cost uncertainty can reverse the price or quantity instrument superiority, according to the relative slopes rule [37] .
As mentioned above, limiting warming to below 1.5 • C, with no or a limited overshoot and a certain probability, corresponds to keeping future cumulative global CO 2 emissions within a certain limit, i.e., the carbon budget. The remaining carbon budget can be determined on a scientific basis, given a certain desired degree of climate change limitation. In order to meet this budget with an instrument cost-efficiently, it is not necessary to have exact knowledge of the future social cost of carbon.
Based on the statements that have been presented above, it is now possible to rule out a Pigouvian tax (price control) by the following arguments:
• Criterion for exclusion: A Pigouvian tax controls the price, not the quantity. Hence, it will not necessarily ensure that global CO 2 emissions stay within a previously defined remaining carbon budget, which is a necessary condition for an instrument to be useful in limiting global warming to a specific temperature limit; • Marginal abatement costs and marginal damage costs, and even the slope of them, cannot be calculated with sufficient accuracy. Hence, Weitzman's rule cannot be used to identify a case where a Pigouvian tax would eventually be more favorable than emissions trading; Further explanations and evidences of these arguments are listed in Section 6.6. Compared to the Pigouvian tax, an emissions trading system (ETS), with a cap defined by an annual emissions budget, is more suitable for limiting CO 2 quantities. Even under changing market conditions, emissions trading would ensure that the scientifically defined goal is achieved in any case [18] . This instrument also ensures, for example, that rebound effects do not lead to emissions increases. In a cap-and-trade system, the annual emissions are limited by an upper limit (cap), and the corresponding quantity is allocated or auctioned as individual emissions certificates. The quantity of permits is reduced annually on the basis of a reduction path to be implemented. It is permitted to trade the emissions certificates. Thus, emissions can be avoided where the lowest marginal abatement costs are generated. Due to the volume limitation, compliance with the prescribed emissions budget is guaranteed.
The reduction paths, shown in Figure 2 , can provide a basis for calculating the annual emissions budget (cap) of a global ETS. Given a defined path, the number of auctioned emissions certificates has to be reduced accordingly. These reduction curves do not necessarily represent a cost-optimal path, in which the sum of abatement and damage costs is always minimal. However, as outlined above, it is improbable that such a perfectly cost-optimal path can be calculated at all. The best that can be accomplished under the given uncertainties is that overall abatement costs are minimized to the greatest possible extent, while ensuring global CO 2 emissions remain within a certain carbon budget.
A further degree of freedom could allow for an even more cost-efficient reduction path: Certificates may be devalued, not only in the year of purchase, but also in later years, which is called banking. "Quantity-based regulation with banking allows regulated firms to shift obligations across time in response to periods of unexpectedly high or low marginal costs" [38] . This can be an effective way to exploit the uncertainty and irreversibility of investments [39] . It has proven to be very important to maximize trading profits. Quantity control without banking can lead to price spikes and collapses [22] . The design requirements and effects of banking are examined, among other places, in [38, 40] .
Furthermore, the efficiency can be increased by a hybrid system that combines price and quantity control [41] [42] [43] [44] . Hybrid policies, e.g., cap-and-trade with a price ceiling, are more efficient than either price or quantity control by themselves. Besides an enhanced welfare outcome, a hybrid system improves the flexibility and credibility of a cap-and-trade system [42] . In principle, price ceilings aim to avoid exorbitant costs associated with price spikes. Therefore, additional permits will be available, if a specified trigger price is reached [45] . In this context, a hard price ceiling yields a lower net present value of the expected abatement costs than a soft price ceiling. A hard ceiling here means that an unlimited supply of additional permits will be available at the trigger price, whereas a soft ceiling means that the additional permits are limited [46] . "The former provides absolute price control, with some emissions flexibility, while the latter provides absolute emissions control, while allowing prices to fluctuate beyond the soft ceiling level" [45] . Thus, to comply with a carbon budget in a reliable way, only soft ceiling is applicable. However, there are serious concerns regarding a soft ceiling in combination with the grandfathering of permits. Eliminating the grandfathering would be beneficial to controlling prices [45] .
Besides price ceilings, another design option for a hybrid system is a price floor or auction reserve price on emissions permits, as it is applied in, e.g., California's Cap-and-Trade System [22] . With an auction reserve price, permits are held until the reservation price is exceeded. Price floors aim to stimulate investments in emissions abatement technologies; otherwise, low prices provide an insufficient incentive [45, 47] .
If only the net present values of abatement costs are compared, without explicit consideration of damages or welfare, then taxes generally provide the lowest costs. However, a cap-and-trade system, with a combination of a price ceiling and price floor (called symmetric safety valve or price collar), banking and restricted borrowing can achieve abatement costs almost as low as a tax, but with a lower emissions variance than a tax [48] .
National vs. International and Sectoral vs. Cross-Sectoral Structuring
A national design is unsuitable for carbon pricing due to the global interactions and international competition. A national structure would require exemptions for industry (like free allocation of emissions certificates) or carbon pricing for all imports and compensation of carbon pricing for all exports (border carbon adjustments [49, 50] ), which can involve complex life cycle analysis (LCA). Otherwise, companies and technologies affected by national carbon prices would be disadvantaged, and GHG emissions would be shifted to other countries (carbon leakage). It has been stated, in a large number of publications, that the climate change problem can only be solved globally [18, 24, 51, 52] . Different carbon prices, in different countries and sectors, will lead to cost-inefficient pathways, e.g., due to technologies that become temporarily cost-effective in some countries and sectors, but eventually cost-ineffective again in a future emission-free target scenario. In particular, if an expensive infrastructure is involved in the introduction of new technologies, this could lead to significant stranded assets along the transformation pathway.
An equal carbon price should exist for all actors engaged in international trade. Accordingly, participation in global carbon pricing must be a pre-requisite for international trading. Trading with actors not involved in the international cap-and-trade system should only be possible if the corresponding carbon prices are included in the negotiation process, e.g., by border carbon adjustments. If a sufficient coalition of the willing can be found for such an international instrument, this would eventually generate incentives for other actors to participate in the global scheme (cf. [53] ).
Carbon pricing should also be implemented across economic sectors to enable cost-inefficient pathways. This is not the case for the current EU ETS. CO 2 -intensive sectors, such as that of transport,
are not yet included in trading. Only electricity generation is covered practically completely in the EU. The current global practice shows that it is possible to cover different sectors using an ETS. (cf. Figure 3) . The number of actors affected by the current EU ETS is relatively small. For certain sectors, such as those of transport and heating, millions of actors would be involved. To deal with this problem, implementing an upstream system is a possible option [54, 55] . Upstream means that the emissions can be allocated to a specific input, such as an energy source, through a fixed input-output ratio. Using this approach, complex emissions measurements for each emitter could be avoided. The system would not need to monitor millions of emitters, but a comparatively small number of companies that bring an input to the market that cause a certain amount of CO 2 , e.g., fossil fuels. An upstream system could cover all areas where fossil fuels are used (share of CO 2 emissions from fossil fuels, cf. Figure 1) . This is based on the fact that there is a well-known proportional relationship between the volumes of fossil fuels (such as coal, mineral oil products and natural gas) and the resulting CO 2 emissions (emissions factor). In this case, an upstream system would combine minimal administrative and monitoring costs with a high accuracy. Considering, e.g., the transport sector, only the few fuel suppliers would have to be monitored, instead of the large number of fuel users [56] . The design of an upstream system can draw on existing ETS, such as the New Zealand ETS. A combined solution (mixed system) of a downstream and upstream emissions trading system is appropriate, if, on the one hand, no concrete input-output relationships can be established in some cases (downstream approach), and if, on the other hand, a high number of small emitters needs to be integrated into certain sectors, whose emissions can be traced back to certain inputs with an assignable input-output relationship, which originate from a few marketers (upstream approach). In the downstream approach, emissions are to be measured at the source.
Derived Political Instrument-A Global Cap-and-Trade System across All Sectors
According to the explanations given above, a global uniform and cross-sectoral ETS for CO 2 appears to be the most cost-efficient instrument for accurately meeting given carbon budgets. The introduction of such a global uniform carbon pricing system and its concrete design should become the subject of policy, especially at the United Nations climate change conferences, as soon as possible in order to allow for rapid implementation. Such a system would allow the external costs of CO 2 to be included in market prices, and this would be the same worldwide, which would solve the free rider problem [24] . Currently, there are already cross-sectoral emissions trading systems worldwide, as shown in Figure 3 . The experience of these can be used for the conception of a uniform global ETS (cf. [22, 57] ). The derived political instrument based on the findings from the literature review in the previous sections, is summarized in Figure 4 . as shown in Figure 3 . The experience of these can be used for the conception of a uniform global ETS (cf. [22, 57] ). The derived political instrument based on the findings from the literature review in the previous sections, is summarized in Figure 4 . For the global ETS, banking and a hybrid design is proposed. The latter is explained in the following and is shown in Figure 5 . The illustration is simplified and represents a linear reduction path. As explained in Section 3, an exponential or logistic reduction path is probably more suitable. The presented paths for achieving 1.5 °C could provide an assessment basis for the baseline reduction path. In the hybrid system, permits are auctioned (cf. section 6.3) according to a baseline reduction path to limit the temperature increase to 1.5 °C with a certain probability. As soon as a price floor is reached, permits are transferred to the reserve, and as far as a price ceiling is triggered, permits from the reserve are, additionally, auctioned. The price limits vary over the time. For the global ETS, banking and a hybrid design is proposed. The latter is explained in the following and is shown in Figure 5 . The illustration is simplified and represents a linear reduction path. As explained in Section 3, an exponential or logistic reduction path is probably more suitable. The presented paths for achieving 1.5 • C could provide an assessment basis for the baseline reduction path. In the hybrid system, permits are auctioned (cf. Section 6.3) according to a baseline reduction path to limit the temperature increase to 1.5 • C with a certain probability. As soon as a price floor is reached, permits are transferred to the reserve, and as far as a price ceiling is triggered, permits from the reserve are, additionally, auctioned. The price limits vary over the time.
EMISSIONS WITHOUT REGULATION IN
The permits that can be auctioned annually out of the reserve are limited, according to the formula provided in the figure. The reserve has to be designed in such a way as to ensure that, at any time, the globally agreed temperature target can be met. With the proposed design, a more cost-effective reduction path can be achieved, compared to the baseline reduction path. If new scientific evidence leads to the need to adjust the carbon budget over time, this can be achieved, first, by adapting the reserve. Only if the temperature target can no longer be achieved without the reserve will the baseline path need to be adjusted.
In sum, a global cap-and-trade system allows an ecological goal, which is politically agreed upon, to be achieved under uncertain boundary conditions in a cost-efficient way. The most efficient reduction path that can be predicted have to be predetermined in advance. This path can be further optimized by the design of the ETS, as it is a hybrid system that also allows for the possibility of banking. If the proposed system is implemented globally, market prices would include information on the resulting GHG emissions. Thus, an additional assessment and product differentiation, according to the emissions level, for example, according to complex life cycle analyses, would not be necessary. This represents a significant simplification for the end user, compared to the current situation.
The following sections outline the individual aspects of the proposed policy instrument. In addition, objections to the implementation of a global cap-and trade system are stated and refuted.
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Auctioning Emissions Permits
In a global cap-and-trade system, emissions permits should not be issued to countries, according to certain emissions levels, as it was the case with the assigned amount units (AAU) between Annex I countries under the Kyoto Protocol [58] . Instead, a fixed quantity of certificates should be auctioned annually worldwide and traded between all actors. Socially acceptable uses of the revenues from the auctions are mentioned in Section 6.2. Free allocation by grandfathering has proved disadvantageous in the past, e.g., in the EU ETS, and should be abandoned. If the recipients of grandfathered permits pass on the opportunity cost of the permits to final consumers, windfall gains for the regulated entity are incurred. There are various advantages of an auction, compared to free allocation (cf. [56, [59] [60] [61] ).
What Should the Money Be Used for That Is Collected within the Global Cap-and-Trade System
Assuming that all polluters agree to take part in the proposed global cap-and-trade system, a significant amount of money would be collected annually. The order of magnitude involved is 1 to 4 × 10 12 USD or trillions of US dollars per year, assuming a starting value of 40 GtCO 2 and a carbon price, after auctioning, of 25-100 USD/tCO 2 eq. An international authority would necessarily have to be implemented for the purpose of administering the money collected. The costs of climate change do not directly and exclusively affect the polluters but differ in time and space from the causes. Future generations are particularly affected. A direct return flow of the revenue from carbon pricing to households does not reflect this fact. Hence, a part of revenues from carbon trading should be used worldwide as a reserve to offset the effects of climate change. The fund could also be used in the following ways:
• Cushioning losses in value due to non-insurable damages that can be traced back to climate change; • Promoting sustainable technologies (R&D incentives and market ramp-up incentives) in order to enable a rapid global ramp-up of core technologies to implement emissions savings (cf. [62] ). Such support corresponds to, for example, the Innovation Fund through the EU ETS [63] ;
• Enabling adaptation and investments, in developing countries that eventually lack the funding to implement even the cost-efficient solutions. This could be based on existing funds, like the Green Climate Fund (GCF) or Global Environmental Facility (GEF); • Financing the net negative emissions, which may be necessary especially from 2050; • Compensating for the eventual collapses of countries, industries and the financial system due to stranded assets caused by the fossil phase-out.
The proposed use of the fund could facilitate negotiation to enter a global agreement, in particular, with countries that are still strongly relying on fossil fuels or developing countries.
Measurement and Control
The emissions of GHG, without invalidating an emissions certificate, must be reviewed and sanctioned with significant penalties for non-compliance in order to ensure that the ETS functions properly and that the global reduction path is adhered to [22] . There is an administrative burden for this, which must be kept as low as possible by the appropriate design, e.g., a mixed system consisting of upstream and downstream ETS (with as few actors as possible). The mixed system design is derived and explained in Section 5.2. "Then, if the payment of the penalty is an alternative to compliance, the penalty is effectively a price ceiling in a hybrid scheme. In contrast, if the payment of the penalty does not amount to compliance-and the firm is still obliged to comply as soon as possible-then the scheme is not directly equivalent to a conventional hybrid scheme" [21] . In [43] , an optimal trading policy is examined that ensures that regulated entities are always compliant by enforcing an explicit price ceiling and floor, as well as a penalty that vary directly with the permit price. This policy will always be more efficient than the one that uses imperfect compliance to provide a price ceiling. Accordingly, this design should be applied for a global cap-and-trade system. The extent to which non-CO 2 emissions can be integrated into a global ETS, such as nitrous oxide and methane, will need to be assessed. Among other things, it depends on whether it is possible to record emissions or correlate them with a GHG-causing input at a reasonable expense. Furthermore, the global warming potential (GWP) of short-lived climate forcers (SLCF), like methane, black carbon and fluorinated gases, should be considered in such a way that, compared to CO 2 , an equal impact is thereby covered [8, 64] . For aviation, radiative forcing from NOx, contrail/ cirrus cloud formation and soot have to be considered [65] . These non-CO 2 effects are strongly dependent on the location, altitude and time of emissions. Solutions must be found to convert these effects into equivalent CO 2 emissions [66] . If non-CO 2 emissions will be integrated in a global cap-and-trade system, then the reduction paths, shown in Figure 2 , are not applicable. In this case, the paths have to be adjusted according to carbon dioxide equivalent budgets. If non-CO 2 emissions cannot be integrated in a global cap-and-trade system, supplementary political instruments to reduce non-CO 2 emissions have to be implemented.
Measures that generate carbon sinks, like afforestation, carbon capture and storage (CCS) or carbon capture and use (CCU), can also be integrated into a global upstream ETS by issuing emissions certificates for these measures (according to the CO 2 -removal in a respective time period). Furthermore, the reduction of natural CO 2 sinks, e.g., through deforestation, can be considered by redeeming emissions certificates for such measures. If these measures are taken into account worldwide, the complex assessment of indirect land-use changes could be dispensed with. Moreover, the consideration of CO 2 sinks would allow for the integration of biofuels and synthetic fuels into an upstream ETS. Otherwise, complex individual assessments of the emissions factors of these fuels are required.
In the long term, especially after 2050, no more emissions certificates would be auctioned, as net zero emissions must be achieved. However, emissions trading could be continued, if actors can continue to receive permits for implementing measures that generate CO 2 sinks. This would allow for a cost-effective offset of anthropogenic GHG emissions, even after 2050. If negative emissions, e.g., from afforestation or BECCS, should also be taken into account, this implies that a justified assessment of these negative emissions is possible, according to the corresponding CO 2 savings (cf. [7, 67, 68] ).
Substitution of Existing CO 2 -Related Governmental Intervention by the Global Cap-and-Trade System
Once a global cap-and-trade system is implemented, all other complementary policies, e.g., from national governments, that aim to reduce emissions that are already covered under the cap should gradually be discontinued, such as Pigouvian taxes, subsidies and legal requirements. Continuing these measures would reduce the efficiency of the emissions trading system and lead to more costly reduction paths (cf. [22] ). There is a self-serving incentive for countries not to introduce additional CO 2 levies, since otherwise, a higher national price for CO 2 or GHG emissions would put the domestic industry at a disadvantage. On the other hand, national subsidies for CO 2 -intensive products and energy sources must be examined and reduced. It should be mentioned here that emissions trading provides financial incentives for the gradual switch to a carbon-free international, but also national, industry. A national subsidy for CO 2 -intensive products and energy sources reduces this incentive, thus long-term transformation could be accompanied by higher national costs.
If the dissolution of existing CO 2 -related governmental intervention leads to a lower tax burden, this would reduce the final price increase due to global carbon prices for the end user and thus probably would increase acceptance. Nevertheless, a comprehensive tax reform could be necessary, avoiding hardship cases for low-income households due to the implementation of global carbon pricing.
In addition to a globally valid CO 2 price, further policies are needed to advance the transformation to a carbon-free society, such as investment in public infrastructure and public transport or introducing and raising efficiency standards. Furthermore, innovative concepts are needed in future urban planning, agriculture and forestry. Moreover, it is essential to design an adapted market design for renewable electricity producers with low or no marginal costs. Political regulations in this respect can lead to a situation in which a certain emissions reduction can be implemented in the countries concerned with lower costs, unlike a situation in which these measures do not exist [69] .
Compared to the current framework conditions for technologies, which are characterized by rapid changes and different CO 2 -prices, a global ETS with a uniform carbon price can guarantee long-term planning security. This is particularly necessary for technologies that require cost-intensive infrastructure development.
Refutation of Objections to the Implementation of a Global Cap-and-Trade System
In particular, restrictions are mentioned in publications regarding the functioning of a global ETS. It is argued that, for global emissions trading, long-term allocations of permits to countries are necessary, and these must be based on long-term estimates of future emissions. "When these estimates prove wrong, countries can find themselves with surprising windfall gains and losses, which have nothing to do with good climate policy" [24] . The breaking down of a global reduction target into national obligations is seen as a restriction for a global cap-and-trade system. However, the proposed design of a global ETS, in this paper, does not require the allocation of emissions permits to specific countries or the setting of emissions budgets for individual countries. Instead, a reduction path, with annually auctioned emissions certificates worldwide, is proposed (cf. Section 6.1). This provides less opportunity for rent-seeking. This is an issue that could otherwise (quantity approach with grandfathering) make taxes preferable to quantity control (cf. [35] ).
Furthermore, the presumption that price-control is definitely preferable, which is based on the structure of the costs and damages in global warming (comparing the slopes), relating to Weitzman's rule (cf. [35, 42, 70, 71] ), is not confirmed by the latest scientific findings on climate change. The social cost of carbon is uncertain across a broad range and will always be disputed [16, 72] . "The literature agrees that damages are a convex function of temperature, but the degree of the convexity is an open issue, inevitably subject to uncertainty; see, for instance, [73] " [74] . The SCC increases over time due to the effect of accumulation. This means that the bigger the stock size of greenhouse gases in the atmosphere, the greater the damage an additional unit will cause [75] . The triggering of tipping points could lead to a substantially increased amount of damage, which would occur abruptly and could not be reversed [28, 76, 77] . "Tipping points refer to critical thresholds in a system that, when exceeded, can lead to a significant change in the state of the system, often with an understanding that the change is irreversible" [78] . It is possible that climatic tipping elements, climatically sensitive social tipping elements, and climate economic shocks may be the largest contributors to the costs of climate change [79] . The risk of self-reinforcing feedbacks is explored, among other places, in [80] . The highly aggregated damage functions (deterministic fashion, sometimes giving climate catastrophes a probability distribution) in IAMs fail to consider that changes related to global warming are likely to be abrupt and unpredictable, and as such, they neglect the possibility of reaching tipping points [28, 76] . "Multiple tipping points affect each other's probability of occurrence, potentially causing a domino effect" [81] . "Passing some tipping points increases the likelihood of other tipping points occurring, to such an extent that it abruptly increases the social cost of carbon" [28] . Multiple tipping points can lead to an increase of the social cost of carbon (SCC) by a factor of 2 to 8 [28, 81] .
The informational requirements for calculating carbon budgets, which ensure an increase in temperature, with a certain probability in the temperature range of the Paris Agreement are much less than those needed for welfare maximization (cf. Section 5.1) [82] . To avoid tipping points, the carbon budget approach provides a decision-making framework that displaces benefit-cost analysis. If the carbon budget, based on current scientific findings, is complied with, tipping points and a certain temperature increase can be avoided, with a certain probability. The proposed global cap-and-trade system represents an instrument by which avoidance costs can be minimized, and, at the same time, the carbon budget can be guaranteed.
Another argument in favor of a global cap-and-trade system, compared to price control, is given in [83] . It is explained that the owners of carbon resources pre-empt future regulation by accelerating the production of fossil fuels while they can, because climate policy threatens to decrease future scarcity rents. This is called the green paradox, which means that expected future reduction in carbon consumption has the effect of accelerating climate change. An approach based, not on regulating the demand for fossil fuels, but rather on controlling the supply is proposed in [83] . A global cap-and-trade system would prevent international leakage and not fall victim to the green paradox, which supports the criterion for exclusion of a Pigouvian tax (cf. Section 5.1) [84] .
In the past, there have been repeated criticisms of existing emissions trading systems, such as the EU ETS. The main disadvantages were grandfathering, a less ambitious reduction path, a lack of cross-sectoral validity, a missing price collar and additional complementary policies that reduce the efficiency of an ETS. These points have been taken up in this paper and an efficient design is proposed, based on past experiences and investigations.
Discussion
Current studies show, with detailed simulations, that compliance with the 1.5 • C target is possible at a low cost using technologies already in existence [85] . The climate targets of the Paris Agreement could therefore be met using these technologies, if an efficient framework can be implemented. At this point, based on a literature review of the remaining carbon budgets and carbon pricing, a political instrument to this effect is put forward-a global emissions cap-and-trade system.
The High-Level Commission on carbon prices concludes that the explicit carbon-price level, consistent with achieving the Paris temperature target, is at least 40-80 USD/tCO 2 by 2020 and 50-100 USD/tCO 2 by 2030 [69] . In this paper, an alternative approach to their proposal is given, which has the advantage of ensuring that a carbon budget is met cost-effectively.
Finally, open issues concerning pathways toward a global emissions cap-and-trade system and further necessary research are discussed in the following. One of the main drawbacks of such a system is that it would have to be implemented on a global scale in order for it to have the advantages mentioned. Necessary research should hence involve the following research questions:
• What are the impediments to a global carbon price agreement, and how can they be overcome? • How should a global ETS fund be structured and managed? • Provided that the implementation of a global ETS is agreed upon, how can existing governmental interventions concerning climate protection be phased out? What would be an adequate roadmap for the discontinuation of national subsidies for fossil fuels?
The next best solution if a global agreement cannot be reached is to start an agreement for an international cap-and-trade system within a coalition of the willing (e.g., the European Union). Concerning this alternative, the following questions appear to be relevant for investigation:
• How much CO 2 is imported/exported indirectly by product flows (cf. [49, 86] )? • How could the imbalance between the coalition of the willing and the non-participants be compensated (e.g., border carbon adjustments)? • How could carbon leakage and the green paradox be avoided as much as possible?
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